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(57) ABSTRACT 

The invention provides a method for forming particles of a 
target substance (26), involving: (a) preparing a solution or 
suspension of the substance in a vehicle (21) Which is or 
includes either a near-critical ?uid (21) or a ?rst supercritical 
?uid; (b) introducing the solution or suspension into a 
particle formation vessel (32); and (c) contacting the solu 
tion or suspension, in the particle formation vessel, With a 
second supercritical ?uid, under conditions Which alloW the 
second supercritical ?uid to cause precipitation of particles 
of the target substance from the solution or suspension; 
Wherein the second supercritical ?uid is miscible or sub 
stantially miscible With the vehicle and is a ?uid in Which the 
target substance is insoluble or substantially insoluble. Also 
provided is apparatus for use in carrying out an embodiment 
of the method, including a particle formation vessel and 
means for controlling the temperature and pressure inside it; 
a ?uid mixing vessel and means for controlling the tem 
perature and pressure inside it; ?rst ?uid inlet means for 
introducing into the ?uid mixing vessel a vehicle and a 
solution of a target substance in a primary solvent, so as to 
form in the ?uid mixing vessel a solution of the substance 
and the primary solvent in the vehicle; and second ?uid inlet 
means for introducing the solution thus formed, preferably 
together With a second supercritical ?uid, into the particle 
formation vessel. The invention also provides a particulate 
product formed using the method. 
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METHODS AND APPARATUS FOR PARTICLE 
FORMATION 

FIELD OF THE INVENTION 

[0001] This invention relates to the controlled formation 
of particulate products using supercritical ?uids. It provides 
methods and apparatus for the formation of substances in 
particulate form, and also particulate products of the meth 
ods. 

BACKGROUND TO THE INVENTION 

[0002] It is knoWn to form particles of a substance of 
interest (a “target substance”) by dissolving or suspending it 
in a suitable vehicle and then using a supercritical ?uid 
anti-solvent to extract the vehicle to cause particle precipi 
tation. 

[0003] One particular technique for doing this is knoWn as 
“SEDS” (Solution Enhanced Dispersion by Supercritical 
?uids). This is described in WO-95/01221 and (in a modi?ed 
form) in WO-96/00610, The essence of SEDS is that a 
solution or suspension of a target substance, in an appro 
priate vehicle, is co-introduced into a particle formation 
vessel With a supercritical ?uid anti-solvent having a rela 
tively high ?oW rate, in such a Way that tWo things happen 
substantially simultaneously and substantially immediately 
on introduction of the ?uids into the vessel: the solution or 
suspension is “dispersed” into separate ?uid elements (such 
as droplets) by the mechanical action of the supercritical 
?uid (ie, by the transfer of kinetic energy from the super 
critical ?uid to the solution or suspension), and at the same 
time the vehicle is extracted from the solution or suspension, 
again by the supercritical ?uid, to cause particle formation. 

[0004] SEDS alloWs a high degree of control over condi 
tions such as pressure, temperature and ?uid ?oW rates, and 
over the physical dispersion of the solution/suspension, at 
the exact point Where particle formation occurs (ie, at the 
point Where the vehicle is extracted into the supercritical 
?uid). It therefore alloWs excellent control over the siZe, 
shape and other physicochemical properties of the particles 
formed. 

[0005] Processes such as SEDS are not hoWever suitable 
for all types of target substance. If the target is to any degree 
soluble in the chosen supercritical ?uid, then When the 
supercritical ?uid extracts the vehicle it Will also dissolve 
some or all of the target substance. This can lead to reduced 
product yield, not to mention engineering problems When 
the solute later precipitates out of the supercritical ?uid 
outside the particle formation vessel. 

[0006] The same considerations apply to all particle for 
mation processes in Which a supercritical ?uid is used as an 
anti-solvent to cause precipitation of a target substance from 
a solution or suspension. If the substance is at all soluble in 
the supercritical ?uid, Whether simply because of the chemi 
cal natures of the substance and the ?uid (Which may also 
contain modi?ers), or because of the particular operating 
conditions (such as temperature and pressure) being used, 
problems can arise. Such techniques are thus restricted in 
application to substances Which are poorly soluble or com 
pletely insoluble in the chosen supercritical ?uid. 

[0007] A supercritical ?uid Which is commonly used in 
particle formation techniques is supercritical carbon dioxide, 
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Which is relatively inexpensive, non-toxic and has conve 
nient critical temperature and pressure values. For this 
particular supercritical ?uid, it is generally non-polar or loW 
polarity substances Which cause problems, being either very 
or at least reasonably soluble in it. Thus, for instance, loW 
molecular Weight lipophilic materials cannot easily be 
formed into particles using supercritical carbon dioxide. 

[0008] In the past, such problems have been overcome 
either by altering the operating conditions to reduce solu 
bility of the target substance in the supercritical ?uid (it is 
not alWays possible, hoWever, to alter the conditions suf? 
ciently to achieve that), or by using a different technique 
altogether for particle formation. Aprocess knoWn as RESS 
(Rapid Expansion of Supercritical Solution), for instance, 
may be used to precipitate a substance of interest by dis 
solving it in a supercritical ?uid and then rapidly expanding 
the resulting solution. HoWever, RESS is generally a less 
accurate and reliable technique than techniques such as 
SEDS, alloWing less control over the characteristics of the 
particles formed. 

[0009] Alternatively, one might attempt to use a different 
supercritical ?uid as the anti-solvent, but it can often be very 
dif?cult to select a supercritical ?uid Which is not only an 
anti-solvent for the target substance but also capable of 
dissolving the solvent vehicle-both requirements need to be 
met for the ?uid to be useable. Supercritical nitrogen, for 
instance, Would act as an anti-solvent for the loW molecular 
Weight lipophilic materials Which cannot be processed using 
supercritical carbon dioxide, but most conventional organic 
solvents are insoluble in supercritical nitrogen, so the choice 
of vehicle Would be extremely limited. 

[0010] It Would therefore be advantageous if SEDS, and 
other similar supercritical ?uid particle formation processes, 
could be modi?ed to be used under conditions Where the 
target substance is soluble in the chosen supercritical ?uid. 
In particular, it Would be desirable to be able to use super 
critical carbon dioxide in the production of lipophilic and 
other loW polarity materials. The present invention thus aims 
to facilitate the use of supercritical anti-solvents for an even 
greater number of target substances, and hence to overcome 
a technical problem in, and Widen the ?eld of application for, 
an already very useful technology. 

STATEMENTS OF THE INVENTION 

[0011] According to a ?rst aspect of the present invention, 
there is provided a method for forming particles of a target 
substance, the method involving: 

[0012] (a) preparing a solution or suspension of the 
target substance in a vehicle Which is or includes 
either a near-critical ?uid or a ?rst supercritical ?uid; 

[0013] (b) introducing the solution or suspension into 
a particle formation vessel; and 

[0014] (c) contacting the solution or suspension, in 
the particle formation vessel, With a second super 
critical ?uid, under conditions Which alloW the sec 
ond supercritical ?uid to cause precipitation of par 
ticles of the target substance from the solution or 
suspension; 

[0015] Wherein the second supercritical ?uid is miscible or 
substantially miscible With the vehicle and is a ?uid in Which 
the target substance is insoluble or substantially insoluble. 
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[0016] The vehicle should be soluble or at least partially, 
preferably substantially, soluble in the second supercritical 
?uid. The ?uids can then dissolve in one another by a rapid 
diffusion process, causing the target substance to “crash out” 
from its solution or suspension. The second supercritical 
?uid must not be capable, to any signi?cant degree, of 
dissolving the substance itself as the particles are formed. In 
other Words, it must be chosen so that the target substance 
is for all practical purposes insoluble (preferably having a 
solubility beloW 10'3 mole %, more preferably beloW 10'5 
mole %) in it, under the chosen operating conditions and 
taking into account any supercritical ?uid modi?ers present. 

[0017] By “miscible” is meant generally that the tWo ?uids 
are miscible in all proportions under the operating condi 
tions used, and “substantially miscible” encompasses the 
situation Where the tWo ?uids can mix suf?ciently Well, 
under those operating conditions, as to achieve the same or 
a similar effect, ie, dissolution of the ?uids in one another 
and precipitation of the target substance. 

[0018] Using the method of the invention, particles can be 
formed even of substances Which are soluble in a chosen 
supercritical ?uid, by using that supercritical ?uid as the 
vehicle for the substance, and making use of another super 
critical ?uid (the second supercritical ?uid) as the anti 
solvent to cause particle precipitation. The target substance 
is able to dissolve or be suspended in the vehicle, but to 
precipitate out of it When the vehicle and the second super 
critical ?uid mix, Without product loss into the second 
supercritical ?uid. 

[0019] In previous literature relating to similar particle 
formation techniques (such as SEDS), it has never been 
proposed to use as the vehicle anything other than a con 
ventional solvent, in particular not a solvent Which is itself 
in a supercritical or near-critical condition. HoWever, such 
vehicles can often have a higher capability for dissolving in 
the chosen second supercritical ?uid than could conven 
tional organic solvents. Accordingly, they enable the use of 
processes such as SEDS With neW types of target substance. 

[0020] The method of the invention can be used in any 
situation Where the target substance Would be too soluble in 
the chosen (pure or modi?ed) supercritical ?uid to initiate 
particle formation, Whether because of the chemical natures 
of the substance and the ?uid or because of the operating 
conditions used (pressure and temperature, for instance, can 
signi?cantly affect the solubility of a substance in a super 
critical ?uid). 

[0021] The method is in many Ways analogous to the 
SEDS process of particle formation, in that the anti-solvent 
(the second supercritical ?uid) and vehicle mix With and 
dissolve in one another, causing removal of the vehicle from 
the target substance. Accordingly, much of the technical 
information contained in WO-95/01221 and WO-96/00610, 
as to the execution of SEDS, can also be applicable When 
carrying out the present invention. 

[0022] In the folloWing description, the term “supercritical 
?uid” means a ?uid at or above its critical pressure (PC) and 
critical temperature (To) simultaneously. In practice, the 
pressure of the ?uid is likely to be in the range betWeen 1.01 
and 7.0 of its critical pressure, and its temperature in the 
range betWeen 1.01 and 4.0 of its critical temperature (in 
Kelvin). HoWever, some ?uids (eg, helium and neon) have 
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particularly loW critical pressures and temperatures, and 
may need to be used under operating conditions Well in 
excess of those critical values, such as up to 200 times the 
relevant critical value. 

[0023] Generally, higher temperatures (eg, betWeen about 
2 and 4 times the relevant critical temperature) are preferred, 
particularly for the second supercritical ?uid, since they 
loWer the ?uid viscosities and can hence improve their 
dispersing effect on, or dispersion by, the other ?uids 
present. In practice the only real constraint on the ?uid 
temperatures is that they should be beloW the melting 
point(s) of the solid substance(s) present, in particular of the 
target substance. 

[0024] The term “near-critical ?uid” encompasses both 
high pressure liquids, Which are ?uids at or above their 
critical pressure but beloW (although preferably close to) 
their critical temperature, and dense vapours, Which are 
?uids at or above their critical temperature but beloW 
(although preferably close to) their critical pressure. 

[0025] By Way of example, a high pressure liquid might 
have a pressure betWeen about 1.01 and 7 times its PC, and 
a temperature betWeen about 0.5 and 0.99 times its To. A 
dense vapour might, correspondingly, have a pressure 
betWeen about 0.5 and 0.99 times its PC, and a temperature 
betWeen about 1.01 and 4 times its Tc. 

[0026] The term “vehicle” means a ?uid Which is able to 
carry a solid or solids in solution or suspension. A vehicle 
may be composed of one or more component ?uids. In the 
present invention, the vehicle and the second supercritical 
?uid should be chosen so that the latter can act, under the 
operating conditions used, to reduce the capability of the 
vehicle to carry the target substance, When the tWo ?uids 
come into contact. 

[0027] The term “supercritical solution” means a solution 
of a substance and/or another ?uid, in a supercritical ?uid, 
the solution itself being in a supercritical state. The term 
“near-critical solution” means a solution, itself in a near 
critical state, of a substance and/or ?uid in a near-critical 
?uid. 

[0028] The terms “disperse” and “dispersion” refer gen 
erally to the transfer of kinetic energy from one ?uid to 
another. They usually imply the formation of droplets, or of 
other analogous ?uid elements, of the ?uid to Which the 
kinetic energy is transferred, typically of the solution or 
suspension of the target substance and/or of the vehicle. 

[0029] The target substance may be any substance Which 
needs to be produced in particulate form. It may be a 
substance for use in or as a pharmaceutical. HoWever, it may 
also be a material of use in the ceramics, explosives or 
photographic industries; a foodstuff; a dye; a coating; etc. It 
may be organic or inorganic, monomeric or polymeric. In 
each case, the principle behind the method of the invention 
remains the same; the technician need only adjust operating 
conditions and choose appropriate ?uids in order to effect 
proper control over the particles being formed. 

[0030] The target substance may be in a single or multi 
component form. The particulate product formed from the 
substance may also be in a multi-component form —it could 
for instance comprise an intimate mixture of tWo materials, 
or one material in a matrix of another, or one material coated 
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onto a substrate of another, or other similar mixtures. Such 
products may be made from solutions or suspensions con 
taining only single component starting materials (more than 
one solution/suspension, not all of Which need contain a 
supercritical or near-critical ?uid vehicle, may be introduced 
into the particle formation vessel With the second supercriti 
cal ?uid). The particulate product may also be a substance 
formed from an in situ reaction (ie, immediately prior to, or 
on, the solution/suspension contacting the second supercriti 
cal ?uid) betWeen tWo or more reactant substances, each 
carried by an appropriate vehicle. To produce such multi 
component products, the second supercritical ?uid may 
itself be used to carry a component such as a reactant or a 

carrier material, intended to be incorporated into the ?nal 
product. 
[0031] Modi?cations involving the use of in situ reactions 
and/or more than one solution or suspension of a target 
substance, are described in connection With SEDS in 
WO-95/01221 and WO-96/00610, and can also be applied 
When carrying out the present invention. 

[0032] The target substance Will typically be non-polar or 
of fairly loW polarity, in Which case the vehicle should also 
be of loW polarity and the second supercritical ?uid may 
have a relatively high polarity. HoWever, the reverse may 
also apply, ie, polar target substance With polar vehicle and 
relatively loW polarity second supercritical ?uid. 

[0033] The vehicle is preferably, although not necessarily, 
a supercritical ?uid. It may for instance be carbon dioxide, 
nitrogen, nitrous oxide, sulphur hexa?uoride, xenon, ethyl 
ene, chlorotri?uoromethane, ethane or tri?uoromethane, in 
an appropriate condition With respect to its Pc and To. A 
particularly preferred vehicle is carbon dioxide (Pc=74 bar; 
Tc=31° C.), preferably supercritical carbon dioxide. The 
choice naturally depends on the target substance; in the case 
of loW polarity or non-polar substances, in particular loW 
molecular Weight lipophilic substances, supercritical carbon 
dioxide is again an appropriate vehicle. 

[0034] The vehicle may include more than one supercriti 
cal or near-critical ?uid, and/or other ?uids such as conven 
tional solvents, provided that it has, overall, the necessary 
solubility properties vis-a-vis the target substance and the 
second supercritical ?uid. It may optionally contain one or 
more modi?ers or co-solvents. A modi?er (or co-solvent) 
may be described as a chemical Which, When added to a ?uid 
such as a supercritical or near-critical ?uid, changes the 
intrinsic properties of that ?uid at or around its critical point, 
in particular its ability to dissolve other materials. Suitable 
modi?ers include Water, and conventional organic solvents 
such as methanol, ethanol, isopropanol or acetone. When 
used, a modi?er preferably constitutes not more than 40 
mole %, more preferably not more than 20 mole %, and most 
preferably betWeen 1 and 10 mole %, of the vehicle. 

[0035] The choice of vehicle in any particular case Will 
depend on the nature of the target substance, on the second 
supercritical ?uid and on other practical criteria including 
those governing the desired end product. The target sub 
stance is preferably soluble in the vehicle, preferably having 
a solubility in the vehicle of 10'4 mole % or greater, under 
the chosen operating conditions (pressure, temperature and 
modi?ers present). 

[0036] The second supercritical ?uid may be for instance 
supercritical carbon dioxide, nitrogen, nitrous oxide, helium, 
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sulphur hexa?uoride, xenon, ethylene, chlorotri?uo 
romethane, ethane, tri?uoromethane or a mixture of any of 
these. A convenient second supercritical ?uid is supercritical 
nitrogen (Pc=33.9 bar; Tc=minus 147° C.), Which is an 
anti-solvent for many solids, including many non-polar or 
loW polarity substances. Supercritical noble gases, for 
example helium, can also be effective anti-solvents for many 
target substances. 

[0037] The use of supercritical or near-critical carbon 
dioxide as the vehicle and nitrogen as the second supercriti 
cal ?uid is particularly effective, since supercritical nitrogen 
is miscible With, and can readily dissolve, supercritical 
carbon dioxide. 

[0038] The second supercritical ?uid may also contain one 
or more modi?ers, of the same general type and in the same 
proportions as can the vehicle. As mentioned above, it may 
contain further target substances or reactants for introduc 
tion into the particle formation vessel. 

[0039] The choice of suitable operating conditions to 
alloW particle precipitation to occur Will be Well Within the 
capabilities of the person skilled in this art. Generally, the 
conditions in the particle formation vessel must be such that 
the second supercritical ?uid remains in the supercritical 
state Whilst in the vessel. The ?uid mixture formed When the 
solution/suspension comes into contact With the second 
supercritical ?uid should also, for at least one of its con 
stituent ?uids (usually the second supercritical ?uid, Which 
in general Will be the major constituent of the mixture), be 
in a supercritical state at the time of particle formation. The 
mixture should at that time comprise a single-phase mixture 
of the vehicle and the second supercritical ?uid, otherWise 
the particulate product might be distributed betWeen tWo or 
more ?uid phases, in some of Which it might be able to 
redissolve. This is Why the second supercritical ?uid needs 
to be miscible or substantially miscible With the vehicle. 

[0040] The pressure and temperature inside the particle 
formation vessel may be the same as or different to those of 
the solution or suspension about to be introduced into it. 

[0041] Under these conditions, particle precipitation Will 
generally be immediate, or effectively immediate, When the 
solution/suspension and the second supercritical ?uid come 
into contact. This alloWs the rapid formation of pure, dry 
particulate products. The exact pressures and temperatures 
needed to achieve this situation depend of course on the 
nature of the second supercritical ?uid and on the target 
substance, the vehicle and any other ?uids being used. 

[0042] The method by Which the solution or suspension 
and the second supercritical ?uid are introduced into the 
particle formation vessel may be analogous to that used in 
SEDS, or in a modi?ed version thereof, such as is described 
in WO-95/01221 or WO-96/00610. 

[0043] Thus, the solution or suspension and the second 
supercritical ?uid may be co-introduced into the particle 
formation vessel through a ?uid inlet means Which alloWs 
the second supercritical ?uid (physically) to mix and dis 
perse the solution or suspension, at the same time as it 
(chemically) causes precipitation from it. This can provide a 
very high degree of control over the particles formed. 

[0044] To achieve this, the ?uid inlet means may alloW 
both the solution/suspension and the second supercritical 


















